The ecological and physiological significance of body size is well recognized. However, key macroevolutionary questions regarding the dependency of body size trends on the taxonomic scale of analysis and the role of environment in controlling long-term evolution of body size are largely unknown. Here, we evaluate these issues for decapod crustaceans, a group that diversified in the Mesozoic. A compilation of body size data for 792 brachyuran crab and lobster species reveals that their maximum, mean and median body size increased, but no increase in minimum size was observed. This increase is not expressed within lineages, but is rather a product of the appearance and/or diversification of new clades of larger, primarily burrowing to shelter-seeking decapods. This argues against directional selective pressures within lineages. Rather, the trend is a macroevolutionary consequence of species sorting: preferential origination of new decapod clades with intrinsically larger body sizes. Furthermore, body size evolution appears to have been habitat-controlled. In the Cretaceous, reef-associated crabs became markedly smaller than those in other habitats, a pattern that persists today. The long-term increase in body size of crabs and lobsters, coupled with their increased diversity and abundance, suggests that their ecological impact may have increased over evolutionary time.
Introduction
Body size is a key biological trait that affects the physiology and ecology of organisms (e.g. [1 -4] ). On evolutionary time scales, body size often displays non-random trends in central tendency and dispersion, including multiple variants of 'Cope's rule', a hypothesis that, in its strict form, postulates that monophyletic clades of organisms increase in body size over geological time [5] [6] [7] [8] . Trends in body size may also correlate with clade diversity [9, 10] (but see [11] ). Evolution of body size is potentially influenced by a variety of factors that operate over a range of spatial and temporal scales. These include, among others, long-term changes linked to oxygen levels (e.g. [12, 13] ), spatial gradients ('Bergman's rule') across latitudes (e.g. [14] ), dwarfing ('Lilliput effect') following mass extinctions (e.g. [15, 16] ; but see [17] ), changes in body size as a function of niche availability [18] , long-term trends driven by climate change (e.g. [19] ) and taxon-specific intrinsic constraints [20] . Despite extensive literature on body size evolution, several key macroevolutionary questions remain poorly understood, including the dependency of body size trends on the taxonomic scale of analysis [8, 21] and the role of environment in controlling long-term body size evolution.
Here, the issues of taxonomic scaling and environmental controls are evaluated for Mesozoic (252-66 Ma) marine decapod crustaceans, arthropods assigned to the Modern Evolutionary Fauna [22] . Palaeontological bio-inventorying of Mesozoic decapods has been advancing rapidly in recent decades [23] [24] [25] , providing an opportunity to assess body size for numerous fossil species from various habitats. In addition, Mesozoic decapods offer a particularly attractive target for macroevolutionary research. Several decapod clades, including lobsters and Brachyura (crabs), evolved and/or radiated during the 'Mesozoic decapod revolution' [24, 26] , an important component of the 'Mesozoic marine revolution' [27] . The dramatic diversification of decapods also appears to be linked to the waxing and waning of reefs, as suggested qualitatively [28] [29] [30] and quantitatively [24] . However, our current knowledge of decapod body size is limited to a few local to regional palaeoecological studies with a limited temporal scope [31, 32] . Using a comprehensive and internally consistent database of Mesozoic decapod sizes compiled at five taxonomic levels (from species to order), we assess whether (i) any significant body size trends are observed through evolutionary time, (ii) body size patterns depend on the taxonomic scale of observation, and (iii) body size patterns differ when data are partitioned by habitat.
Material and methods
Species-level body size measurements were assembled for Mesozoic marine lobsters (infraorders Polychelida, Glypheidea, Astacidea and Achelata) and crabs (infraorder Brachyura), the two dominant groups that represent 75% of documented decapod diversity during the Mesozoic [24] . Anomurans and shrimp were excluded here because of their low documented diversity compared with crabs and lobsters, and their patchy fossil record in part due to preservation in Lagerstätten. Furthermore, species-rich clades including paguroids and callianassoids are described primarily using appendage fragments or partial carapaces only, making them unsuitable for analyses herein. Decapod sizes were based on measurements reported in the literature or published figured specimens. For lobsters, per-species body size was estimated separately for each stage using maximum carapace length along the axial part of the carapace (excluding rostrum). The carapace width was not incorporated because it is infrequently measurable due to partial preservation and unsuitable orientation of many fossil lobster remains. For crabs, both maximum carapace length (excluding rostrum) and width were obtained. Because species in lobster and crab clades are predominantly defined based on carapaces (with exception of the uncommon aethrid crabs), both decapod clades are well represented in our data. The resulting database includes 792 species (337 lobsters and 455 crabs) with 888 per-species per-stage body size measurements.
Although large specimens are more likely to be found and reported in the palaeontological literature (e.g. [33] ), no association between the number of measured specimens and the maximum body size was observed. Families represented by large numbers of occurrences (e.g. Dakoticancridae) do not dominate the largest body size classes, and the largest specimens (e.g. Avitelmessus grapsoideus) do not represent families with large sample sizes. Moreover, no significant correlation was found between maximum body size and the number of specimens collected for the most diverse Cretaceous decapod locality for which specimen-level size measurements are available (ESM, figure S1 ). Per-taxon maximum body size was used previously for other invertebrate groups (e.g. [6, 11, [34] [35] [36] ) as a viable estimate for adult specimen size. Log-transformed body size measurements were used to quantify patterns in mean, median, maximum and minimum size for both lobsters and crabs.
Additionally, sedimentary facies were recorded for each species per stratigraphic stage using the following tripartite classification: (1) 'reef-associated limestones'-defined [37] ; (2) 'siliciclastics'-dominated by terrigenous sediments; and (3) 'other limestones and marls'-predominantly marine non-siliciclastic sediments. A more detailed categorization for decapod-bearing sedimentary facies is possible (see [25] , for lobsters), but such fine-scale partitioning of the data is analytically prohibitive given the resulting low sample sizes. Consequently, following Klompmaker et al. [24] , we use the above classification to ensure adequate sample size per category for broader-scale analyses comparing fewer categories. A species was assigned to one of the three categories when it was found in one category only. Species for which the sedimentary facies was unknown were excluded (approx. 8% of data).
To assess body size trends through time, decapod occurrences were assigned to stratigraphic stages using the January 2015 ICS time scale. Additionally, taxa with occurrences that could not be ascribed to a single stage (approx. 10% of the data) were treated in three different ways: (i) these taxa were excluded, (ii) size data were assigned to the first stage of the age range, and (iii) size data were assigned to the last stage of the age range. Due to the limited sample size in certain stages for both groups, multiple adjacent stages were binned when necessary until a minimum acceptable number of occurrences was reached. This number was varied to investigate the influence of binning decisions on the estimated trends. A threshold of n ¼ 20 was used in the final analyses to maximize the number of time bins without excessively compromising the per-bin sample sizes. Binning was done separately for crabs, lobsters and pooled data (decapods). For binned stages, average body size was computed using both median and weighted mean, with stage means weighted by per-stage numbers of occurrences. For binned stages, geological age was estimated as the midpoint of this time interval. The confidence bars around per-bin body size statistics were estimated separately for each time bin by uniform bootstrapping (resampling with replacement). Standard errors (standard deviations of bootstrap distributions), rather than 95% confidence intervals, were used here. Standard errors are thought to yield more realistic estimates of analytical errors when taxa are phylogenetically related and thus not independent [38] . In addition, for each bootstrap iteration Spearman's rank correlation (r) between geological age and body size was computed. The significance of r was estimated using the percentile approach [39] . Finally, Monte Carlo randomizations were performed by randomly reassigning observations (body size values with time bins) across all time bins, while maintaining the original sample sizes for each bin. This simulation produces a null model under the hypothesis that body size patterns are random through time and any observed changes reflect variation in sampling intensity. Confidence bands, based on standard errors, were computed using the percentile approach. All bootstrap and randomization simulations were based on 1000 iterations per bin (repeated simulations indicate that this is an adequate number of iterations to ensure stable parameter estimates here).
Trends within lineages were assessed at the family, genus and species levels. All occurrences without a confident stage-level age assignment were removed. At each taxonomic level, changes in body size through time were computed using two strategies: (i) total net change, based on a body size difference between the first and last occurrence of a given lineage; and (ii) incremental net changes, based on each successive body size change between consecutive stratigraphic stages in which a given lineage was recorded (e.g. a lineage known from four stages would yield three incremental body size changes and one total net change). Neither metric could be computed for lineages occurring in one stage only (90% of the species, 53% of genera and 22% of families). The net changes were expressed as a deviation in log-transformed size through time. If a directional body size trend is present, the distribution of deviations should be significantly different from 0, a hypothesis that is evaluated here using a t-test and a sign-based exact binomial test. In addition, a maximum-likelihood approach was employed to evaluate the observed trends in terms of directional change, random walk and stasis [40] . The rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20150440 models were assessed separately for 10 lower lobster and crab taxa (ESM, table S1) that can be reasonably assumed to have represented monophyletic clades and that are adequately represented for multiple time bins. To investigate the relative size of speciose families, a deviation between the median body size of a given family and the median body size of the higher-level taxon to which that family belongs was computed. The median for lobsters was based on carapace length measurements, whereas the median for crabs was based on the geometric mean size ( p (length Â width)). Deviations were also computed for lobster infraorders. This is because the monophyly of lobsters is controversial, whereas that of infraorders is better supported (e.g. [41] ; but see [42, 43] ). Deviations for crabs were estimated relative to the median value for the entire group because Brachyura have been interpreted to be monophyletic (e.g. [44, 45] ). Only families with at least 10 species were included for this particular part as they have most effect on overall size trends (81.1% of data). Isolated occurrences of species (more than three stages apart from any other data point) were excluded.
Size trends per sedimentary facies were investigated for lobsters and crabs separately using two different strategies. First, the median size was determined per period (Triassic, Jurassic and Cretaceous) per facies. Second, the proportion of species per facies per 10 mm size class was computed for pre-Cretaceous and Cretaceous time intervals for both taxa separately.
Results
We compiled and analysed a new database (available on Dryad) of Mesozoic crustaceans totalling 888 per-species per-stage body size measurements for 792 species (337 lobsters and 455 crabs). At higher taxonomic scales, regardless of the sample binning and stage assignment strategies, log-transformed mean and median body size remain stable, maximum size increases, and minimum size decreases when crab and lobster data are combined ( figure 1a,d,g ; ESM, figures S2-S8). By contrast, log-transformed mean, median and maximum body length of lobsters and crabs analysed separately show an increase throughout the Mesozoic ( figure 1b,c,e,f) . The same results were obtained for crab body width and the geometric mean of crab width and length (ESM, figure S9 ). Minimum body size does not increase or decrease for either group (figure 1h,i). These visually obvious patterns are supported by bootstrap simulations (inset charts and p-values in figure 1 ). Monte Carlo randomizations consistently indicate that the trends in mean body size for crabs and lobsters cannot be attributed to variable sampling of randomly distributed data (grey lines in figure 1e,f). For pooled data (figure 1d), many of the bin values fall within the predictions of the null model.
The increase in body size is not reflected within lineages of lower taxonomic units (family, genus and species) as a comparable frequency of lineages increased and decreased in body size through time ( p . 0.05 in all cases; figure 2; ESM, figure S10). Consistently, none of 10 adequately sampled decapod lineages (genera or families) offered support for a directional trend in body size through time (ESM, table S1). Species-rich families that have a particularly large body size and appeared and/or became diverse in the mid-to-late Mesozoic are the Palinuridae, Erymidae and Nephropidae for lobsters, and the raninoidan families (Cenomanocarcinidae, Raninidae and Palaeocorystidae) for crabs (figure 3; ESM, figure S11). At the infraorder level for lobsters, the Achelata (mainly palinurids) and Astacidea (mainly nephropids) are relatively large (ESM, figure S12) .
The lobster and crab size increase throughout the Mesozoic is observed regardless of the type of environment they inhabited ( figure 4) . However, the magnitude of increase differs across environments. In the Jurassic, crab body sizes are statistically indistinguishable (Kruskal-Wallis: p ¼ 0.29) for the three habitat types (figure 4). The size increase from the Jurassic to the Cretaceous is notably smaller for reef-associated crabs and, consequently, Cretaceous crabs are significantly smaller than those in other habitats (Mann-Whitney: p ¼ 0.0001; ESM, figure S13a). By contrast, the habitat-dependent divergence in body size is not observed for Cretaceous lobsters (ESM, figure S13b).
The duration of families and the associated median lengths do not correlate significantly for both lobsters and crabs (ESM, rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20150440 figure S14; Spearman's r: p ¼ 0.22 for lobsters; p ¼ 0.75 for crabs; first differences p ¼ 0.88 and 0.44, respectively), indicating that body size and clade longevity do not influence each other substantially. Also, diversity and median lengths do not correlate for both groups (ESM, figure S15, Spearman's r: p ¼ 0.93 for lobsters; p ¼ 0.42 for crabs; first differences p ¼ 0.74 and 0.47, respectively).
Discussion
Although Cope's rule in the strict sense is most appropriate to consider at the lineage level, positive directionality of body size trends has been tested at a variety of taxonomic scales (table 1) . Empirical tests rarely included more than one taxonomic level (table 1) . The results reported here highlight the critical importance of taxonomic scaling in studying evolutionary trends in body size. Different trends in the body size of Mesozoic decapods are visible depending on the taxonomic scale of observation. At the intermediate taxonomic scale (lobsters and crabs), both groups follow a trend that is transitional between the 'Cope's rule sensu stricto' and the 'increased variance' models [5, 7] : a progressive increase in maximum, mean and median body size, but not minimum size. However, these trends disappear at the coarsest taxonomic level, when data are pooled for all analysed decapods. This outcome is caused by the differential diversification of the two analysed decapod groups. That is, the mean and median body size of decapods remained relatively stable through the Mesozoic because the body size trends observed within lobsters and crabs are offset by an increase in the proportion of the smaller crabs at the expense of the relatively larger lobsters [24] . Directional changes in size are also not manifested at the finer taxonomic scales of species-, genus-and family-level lineages. Thus, the body size trends within lobsters and crabs cannot be explained as a scaled-up product of directional trends occurring at finer taxonomic scales. Instead, the trends appear to have been driven by the appearance and radiation of new, relatively largebodied decapod clades ( figure 3 ). This process may represent an example of species sorting (e.g. [50] ): preferential origination of new decapod clades with intrinsically larger body sizes. Clades that are largely responsible for the size increase are the frog crabs (Raninoida) for crabs, and palinurids (Achelata) and nephropids (Astacidea) for lobsters. Raninoids originated in the Cretaceous and have a burying lifestyle (e.g. [51] [52] [53] ). A hiding lifestyle may apply also for the relatively large, speciesrich lobster clades in the Cretaceous based on the sheltering and/or burrowing habit of their extant relatives [54] [55] [56] . This effective hiding behaviour may have enabled many species within those clades to obtain a larger maximum size, suggesting ecological determinants driving species sorting and the resulting evolutionary increase in body size.
Regardless of their environmental setting, lobsters and crabs increased in size throughout the Mesozoic (figure 4), demonstrating that these patterns are not due to uneven habitat sampling or long-term habitat shifts through time. However, the rate of increase varies, with reef-dwelling crabs increasing at a slower pace. The habitat-related differentiation of crab body size initiated in the late Mesozoic appears to have persisted to the present day, as extant decapods in reefs remain significantly smaller compared with those living in other habitats [57] . Habitat differentiation in body size was also reported for another clade of crustaceans, the stomatopods [58] . The small size of crab carapaces and their reduced abdomen early in their evolutionary history [29, 59] may have helped them to invade and radiate in Late Jurassic reef environments because the reef framework increased the number of places to hide from predators. Conversely, the relatively long tails and large size of lobsters may have limited early lobsters from invading and radiating in Late Jurassic reefs because lobsters are rare in Mesozoic reefs [24] . Given their occurrence in modern reefs (20% of lobster species [60] , notably the Achelata), they probably invaded reefs during the Cenozoic [25] . The ongoing decline of modern reefs (e.g. [61, 62] ) may result in the preferential loss of small-sized decapods because reef decapods are a substantial part of marine decapod diversity [63, 64] .
The observed patterns are unlikely to have been influenced substantially by major biases related to sampling coverage and taphonomic processes. First, the database is dominated by occurrences (more than 80%) from Europe and North America that represent a comparable latitudinal range for all time intervals (i.e. the body size trends are not a product of shifts in the latitudinal coverage through time). Although modern decapods are smaller near the equator compared with those in higher latitudes [65] , differences in size between equatorial and North American/European decapods may have been minimal in the Mesozoic. This is because of the substantially warmer climates then (e.g. [66, 67] ) in combination with the more southern palaeogeographic location of North America and Europe, especially in the early Mesozoic [68] . Second, all data are derived from the literature, suggesting that specimen selection size biases, if any, are likely to be consistent across the database [30] , which should not influence overall patterns.
Third, lithification-related biases, which may lead to preferential loss of small-sized specimens [69, 70] , are unlikely to have influenced the results because nearly all Mesozoic decapod occurrences originated from lithified rocks and are expected to have been comparably affected by this bias.
This study demonstrates that the 'Mesozoic decapod revolution' [24] -a dramatic increase in biodiversity, the appearance and increasing dominance of crabs and Anomura, habitat expansion, and widening of behavioural traits including burrowing and durophagous predation (e.g. [26, 28, 29, 71] )-was accompanied by a progressive increase (due, probably, to species sorting) in the average body size of lobsters and crabs. Decapods also became more common prey in the Mesozoic [72] . Given that decapod abundance and species richness tend to be positively correlated in modern and ancient ecosystems (e.g. [31, 57, [73] [74] [75] ), the long-term increase in lobster and crab body size documented here, in combination with their increase in taxon richness and abundance, indicates that the impact of these crustaceans on marine ecosystems may have increased substantially during the 'Mesozoic marine revolution' [27] . Finally, this study highlights the importance of scale dependency on body size evolution and the value of investigating evolutionary trends in body size in a palaeo-environmental context. 
